During neuroinflammation, activated microglial cells migrate toward dying neurons, where they exacerbate local cell damage. The signaling molecules that trigger microglial cell migration are poorly understood. In this paper, we show that pathological overstimulation of neurons by glutamate plus carbachol dramatically increases the production of the endocannabinoid 2-arachidonylglycerol (2-AG) but only slightly increases the production of anandamide and does not affect the production of two putative endocannabinoids, homo-␥-linolenylethanolamide and docosatetraenylethanolamide. We further show that pathological stimulation of microglial cells with ATP also increases the production of 2-AG without affecting the amount of other endocannabinoids. Using a Boyden chamber assay, we provide evidence that 2-AG triggers microglial cell migration. This effect of 2-AG occurs through CB2 and abnormal-cannabidiolsensitive receptors, with subsequent activation of the extracellular signal-regulated kinase 1/2 signal transduction pathway. It is important to note that cannabinol and cannabidiol, two nonpsychotropic ingredients present in the marijuana plant, prevent the 2-AG-induced cell migration by antagonizing the CB2 and abnormal-cannabidiol-sensitive receptors, respectively. Finally, we show that microglial cells express CB2 receptors at the leading edge of lamellipodia, which is consistent with the involvement of microglial cells in cell migration. Our study identifies a cannabinoid signaling system regulating microglial cell migration. Because this signaling system is likely to be involved in recruiting microglial cells toward dying neurons, we propose that cannabinol and cannabidiol are promising nonpsychotropic therapeutics to prevent the recruitment of these cells at neuroinflammatory lesion sites.
Introduction
Marijuana intake produces a large variety of biological effects. These include the well known psychotropic effects, some adverse effects (e.g., memory loss, sedation, and motor impairment), and several beneficial effects (e.g., relief of muscle spasticity, analgesia, and reduction of inflammation) (Consroe et al., 1997; Hall and Solowij, 1998; Hampson and Deadwyler, 2000; Watson et al., 2000; Solowij et al., 2002) . Because marijuana produces remarkable beneficial effects, patients with multiple sclerosis, for example, commonly use this plant as a therapeutic agent; however, we still lack essential information on the mechanistic basis of these beneficial effects (Lyman et al., 1989; Meinck et al., 1989; Wirguin et al., 1994; Martyn et al., 1995; Baker et al., 2000 Baker et al., , 2001 .
The marijuana plant, Cannabis sativa, contains Ͼ60 cannabinoid compounds, the best known being ⌬ 9 -tetrahydrocannabinol (THC), cannabinol (CBN), and cannabidiol (CBD) (for review, see Howlett et al., 2002) . Cannabinoid compounds produce their biological effects by acting through at least three cannabinoid receptors (see Table 1 ). These include the cloned cannabinoid CB1 receptors, which are expressed predominately in the CNS (Matsuda et al., 1990) , the cloned cannabinoid CB2 receptors, which are expressed predominately by immune cells (Munro et al., 1993) , and the abnormal-cannabidiol-sensitive receptors (Járai et al., 1999) (hereafter referred to as abn-CBD receptors). The latter receptors have not been cloned yet, but they have been pinpointed pharmacologically in mice lacking CB1 and CB2 receptors and are also known as anandamide (AEA) receptors (Járai et al., 1999) .
The induced psychotropic and adverse effects of marijuana are attributable to THC acting at CB1 receptors expressed by neurons (Mallet and Beninger, 1998; Zimmer et al., 1999; Hampson and Deadwyler, 2000; Huestis et al., 2001) , whereas the immunomodulatory effects are attributable to THC and CBN acting at CB2 receptors expressed by immune cells and to CBD acting on abn-CBD receptors (Kaminski, 1998; Klein et al., 1998; Buckley et al., 2000; Malfait et al., 2000) . Because CBN and CBD do not have significant intrinsic activity on CB1 receptors (Felder et al., 1995; Showalter et al., 1996) , these compounds do not produce psychotropic and adverse side effects (Perez-Reyes et al., 1973) , which makes them promising candidates as anti-inflammatory therapeutics. It should be emphasized that plant cannabinoids often act as partial agonists on cannabinoid receptors (Howlett et al., 2002) , which suggests that they might antagonize the efficacious effects of certain endocannabinoids (i.e., the endogenous cannabinoid ligands produced by cells) (Piomelli et al., 1998; Stella and Piomelli, 2001 ).
Whether plant cannabinoids or endocannabinoids affect mi-croglial cells, the immune cells of the CNS, is poorly understood. Microglial cells are macrophage-like cells that originate from myeloid tissue and migrate into the developing CNS (Rezaie and Male, 1999) . Once this early wave of microglial cell migration is completed, these cells remain in the CNS and become quiescent, a resting state that lasts as long as the CNS remains healthy. Quiescent microglial cells have a ramified morphology and express plasma membrane receptors, enabling them to survey the CNS and respond to pathological events (Kreutzberg, 1996) . For example, microglial cells express purinergic receptors that detect ATP, which is released in high amounts by dying cells (Möller et al., 2000; Kim et al., 2001) . Engagement of plasma membrane receptors on quiescent microglial cells initiates a rapid, multiplestep change in phenotype that is referred to as microglial cell activation (Kreutzberg, 1996; Bruce-Keller, 1999; Becher et al., 2000) . Initially, quiescent microglial cells retract their ramifications, transforming themselves into amoeboid-like cells with motile protrusions (Stence et al., 2001) . They then migrate toward the site of injury, where they release proinflammatory cytokines and cytotoxic agents (Kreutzberg, 1996; Bruce-Keller, 1999; Becher et al., 2000) . Thus, as the initial step, microglial cell migration plays a crucial role in the propagation of the neuroinflammatory response; however, the signaling molecules that trigger microglial cell migration are poorly understood. We sought to determine whether plant cannabinoids and/or endocannabinoids regulate microglial cell migration and assessed whether pathological conditions affect endocannabinoid production from neurons and microglial cells.
Materials and Methods

Cells in culture.
Newborn mouse neopallia microglial cells in primary cultures were prepared as described previously (Walter et al., 2002) . BV-2 cells, a mouse microglial cell line, were grown in DMEM supplemented with FBS (3%), penicillin (100 U), and streptomycin (100 g/ml) and passaged every 3-4 d for a maximum of 30 passages. Because microglial cells and BV-2 cells were routinely grown with FBS, cells were recovered in a defined cell culture medium ϳ18 hr before experiments. Specifically, we recovered them at 200,000 cells/ml MEM/Cellgro (Mediatech, Herndon, VA) (MEM supplemented with 10 mM HEPES, 5 mM NaHCO 3 , 100 U penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, and 10% Cellgro) (Walter et al., 2002) . Newborn mouse neopallia neurons in primary cultures were prepared in B27-supplemented Neurobasal as described by Stella and Piomelli (2001) . Reverse transcription-PCR. To perform reverse transcription (RT), we used superscript first-strand synthesis (Invitrogen, Grand Island, NY). The following mouse cannabinoid receptor primers were used: CB1 forward, 5Ј-TCT GGC CTA TAA GAG GAT CGT CAC-3Ј; CB1 reverse, 5Ј-CAG CAG GCA GAG CAT ACT ACA GAA-3Ј; CB2 forward, 5Ј-GGG TCC TCT CAG CAT TGA TTT CT-3Ј; and CB2 reverse, 5Ј-GTT AAC AAG GCA CAG CAT GGA AC-3Ј. Amplification was performed by 35 cycles of the following: 94°C for 30 sec, 63°C for CB1 primers and 57°C for CB2 primers for 30 sec, and 72°C for 2 min. Amplification cycles were followed by 72°C for 10 min. RT-PCR products were separated on 1.2% agarose gels, sequenced, and validated by comparison with the National Center for Biotechnology Information database. Absence of RT-PCR product in the "no RT" reaction confirmed the absence of genomic DNA in the samples.
Immunocytochemistry. To visualize actin filaments cells were fixed with paraformaldehyde and stained as follows: polyclonal rabbit anti-Cterminal CB1 (1:500) (Hájos et al., 2000) , polyclonal rabbit anti-Cterminal CB2 (1:500; the antigen was constructed in our laboratory and the antibody was generated by R & R Research and Development, Stanwood, CA), polyclonal rat anti-MAC1 (1:100; Serotec, Oxford, UK), monoclonal mouse-anti-hemagglutinin 11 (HA11) (1:500; Covance Research Products, Princeton, NJ), or with Texas Red-conjugated phalloidin (1:40; Molecular Probes, Eugene, OR). Secondary IgG antibodies were conjugated with Texas Red (1:100) or FITC (1:150; Jackson ImmunoResearch, West Grove, PA). Human embryonic kidney (HEK)293 cells were transfected with 1 g of construct for hemagglutinin epitopetagged rCB2 (HA-rCB2/pcDNA3) using 10 l of Superfect (Qiagen, Hilden, Germany). Images were acquired with a Leica (Nussloch, Germany) TCS SP/NT confocal microscope (Keck Center, University of Washington, Seattle, WA). Nonspecific staining was determined customarily with parallel immunostaining experiments performed in the presence of the appropriate immunizing antigen and using equal gain settings during acquisition and analysis.
Cell migration. Cannabinoid compounds were dissolved at 1000ϫ in DMSO in silane-treated glass vials and added to the lower wells of the Boyden chambers with silane-treated pipette tips. BV-2 cells (5 ϫ 10 4 in 50 l of MEM plus 10% Cellgro) were added to the upper chamber and allowed to migrate through polycarbonate filters (pore size, 10 m) for 3 hr at 37°C (humidified atmosphere of 95% air and 5% CO 2 ). Cells that did not migrate and stayed on the upper surface of the filter were wiped off, whereas cells that had migrated to the lower surface were stained with the DIF-Quick stain kit (IMEB, Inc., San Marcos, CA) and manually counted in random fields at 32ϫ magnification by three scorers that were blind to experimental conditions. Chemical ionization gas chromatography/mass spectrometry analysis of endocannabinoids. Endocannabinoids were analyzed in two compartments: (1) cells plus adjacent media and (2) distant media. We decided to keep cells covered with their adjacent media to prevent air-induced stress.
Microglial cells, BV-2 cells, and neurons plated in 100 mm culture dishes were placed on a shaking water bath kept at 37°C, keeping them in their defined cell culture media (12.5 ml). Stimulation was initiated by directly adding agents prepared in 1.5 ml of fresh culture media (total volume per dish, 14 ml). To stop the stimulation, we placed dishes on ice and replaced 9 ml of distant media with 5 ml of ice-cold methanol, which fixed the cells plus adjacent media. In some experiments, we fixed the removed 9 ml of distant media by adding it to 9 ml of ice-cold methanol. Lipids from either cells plus adjacent media or distant media were then extracted with chloroform, and endocannabinoids were purified by HPLC and analyzed by chemical ionization gas chromatography/mass spectrometry (CI-GC/MS) as described previously (Stella and Piomelli, 2001; Walter et al., 2002) .
Protein content was quantified by using sister cultures (i.e., from the same preparation) grown in 35 mm culture dishes. To avoid a contamination from the proteins present in Cellgro (e.g., 1 mg/ml albumin) and B27-supplemented Neurobasal, the entire medium was removed and the cells were rinsed once with PBS. Cells were then lysed with Triton X-100 (0.1%) and sonicated, and protein content was quantified with a Bio-Rad (Hercules, CA) Dc Protein Assay.
MAP kinase phosphorylation. BV-2 cells in 100 mm dishes were incubated and stimulated as described above for the CI-GC/MS analysis. We replaced the media with ice-cold lysis buffer to stop the stimulation. We used Western blotting with monoclonal antibodies that recognize the dual-phosphorylation state of extracellular signal-regulated kinase 1/2 (ERK1/2) on Thr202 and Tyr204 [phospho-p44/42 MAP kinase (MAPK); Cell Signaling Technology, Beverly, MA] to detect activation of MAPK, and polyclonal antibodies against extracellularly regulated kinase 2 (ERK2; Santa Cruz Biotechnology, Santa Cruz, CA) to determine total ERK2, as described previously (Wade et al., 2001) . Samples were scanned and analyzed with the NIH Image analysis program.
Results
It is known that CB1 receptors are widespread in healthy brain, being expressed by many neurons, some astrocytes, and possibly resting microglial cells; however, CB2 receptors are absent in these cells (Tsou et al., 1998; Waksman et al., 1999; Rodríguez et al., 2001) . Because the expression of cannabinoid receptor isoform changes as a result of cell activation, as illustrated with macrophage-like cells (Lee et al., 2001 ), we hypothesized that activated microglial cells express additional cannabinoid receptor isoforms. To test this hypothesis, we took advantage of the fact that microglial cells are activated when transferred into primary culture (Becher and Antel, 1996) , and we used RT-PCR to assess whether these cells contain mRNA encoding for CB1 and/or CB2 receptors. Both cultured mouse microglial cells and BV-2 cells contain CB1 and CB2 receptor mRNA (Fig. 1a,b) . Using an antibody that recognizes the C-terminal domain of CB1 receptors (Hájos et al., 2000) , we saw that CB1 receptors were localized primarily in the intracellular compartment of activated microglial cells rather than on their plasma membrane (Fig. 1c,d ). To analyze CB2 receptor localization, we generated a rabbit polyclonal antibody specific for the C-terminal domain of CB2 receptors. This antibody labeled HEK293 cells transfected with rat CB2 receptors, whereas no staining was observed when the antibody was preabsorbed with the immunizing peptide or in nontransfected cells (Fig. 1e,f ) . Using this CB2-specific antibody we found that, unlike CB1 receptors, CB2 receptors were expressed heterogeneously throughout cells, with especially high density at the leading edges of lamellipodia (Fig. 1g) and microspikes (Fig. 1h) , two cellular protrusions that contain polymerized actin filaments and mediate cell migration (Mitchison and Cramer, 1996; Watanabe and Mitchison, 2002) .
Cell migration is triggered by chemoattractants that act through seven transmembrane/G i/o -coupled receptors, some of which accumulate at the leading edges of lamellipodia (Servant et al., 1999) . Because it is known that THC triggers the migration of macrophages (Schwartzfarb et al., 1974) [possibly by acting through G i/o -coupled CB2 receptors (Derocq et al., 2000) ], and because we found that activated microglial cells express CB2 receptors at the leading edges of their motile protrusions (Fig. 1) , we sought to determine whether cannabinoids affect microglial cell migration. To address this possibility, we used the Boyden chamber assay (Wilkinson, 1998) . BV-2 cells were added to the upper chamber, and their migration through a filter toward a lower chamber containing cannabinoids was quantified. We found that THC had no significant effect on basal BV-2 cell migration at concentrations of Ͻ3 M (Fig. 2a) , whereas CBD slightly increased migration with an EC 50 of 250 nM. Next, we tested the effect of abnormal-cannabidiol, a synthetic agonist that acts as a full agonist on abn-CBD receptors (Járai et al., 1999) . Abnormal-cannabidiol significantly increased cell migration with an EC 50 of 600 nM (Fig. 2c) . It is important to note that abnormal-cannabidiol and THC acted synergistically when both were added at low nanomolar concentrations (Fig. 2d) , which suggests that microglial cell migration is regulated by abn-CBD receptors and cannabinoid receptors (possibly CB2 receptors) acting in a cooperative/synergistic manner.
AEA and 2-arachidonylglycerol (2-AG), two endocannabinoids produced by neurons (Di Marzo et al., 1994; Stella et al., 1997; Stella and Piomelli, 2001) , increased BV-2 cell migration in a concentration-dependent manner (Fig. 3a,c) , whereas arachidonic acid, a result of the hydrolysis of these lipids, had no effect (data not shown). Two putative endocannabinoids, homo-␥-linolenylethanolamide (HEA) and docosatetraenylethanolamide (DEA) (Felder et al., 1993; Hanus et al., 1993; Pertwee et al., 1994) , also increased BV-2 cell migration in a concentrationdependent manner (Fig. 3e,f ) , whereas palmitylethanolamide (PEA), which is a congener of AEA that does not act on CB1 or CB2 receptors (Griffin et al., 2000) , had no effect (Fig. 3d) . It is noteworthy that AEA, 2-AG, HEA, and DEA at 1 M appear to act through the same receptors and/or signal transduction pathway, because their effects were not additive (data not shown).
Because 2-AG triggers microglial cell migration with the highest potency and efficacy, we also characterized its effect. Cell motility can be divided into (1) basal random motion, which occurs in the absence of a stimulus, (2) chemokinesis, which is random motion increased by a chemical stimulus, and (3) chemotaxis, We used reverse-transcribed total RNA from mouse brain and spleen (i.e., positive controls), BV-2 cells, and mouse microglial cells. RT-PCR products were of the appropriate size (502 bp for CB1 and 401 bp for CB2) and sequence. c-h, Immunofluorescent confocal microscopy. Mouse microglial cells ( c) and BV-2 cells ( d) were stained with an antibody directed against the CB1 C terminus ( green) and phalloidin to label actin (red). Scale bars, 50 m. Insets, Higher magnifications of the CB1 receptors ( green) located in the intracellular compartment (MAC1, a plasma membrane macrophage marker, is in red). Scale bars, 10 m. e, HEK293 cells transiently transfected with rat CB2 receptors tagged with HA11 (red) and stained with antibodies directed against CB2 C terminus ( green). Colocalization is yellow. f, Similar immunostaining as in e, but performed in the presence of the immunizing antigen (i.e., the last 42 aa of the mouse CB2 receptor C terminus). Scale bars, 35 m. Mouse microglial cells ( g) and BV-2 cells ( h) stained with antibodies directed against the CB2 receptor C terminus ( green) and phalloidin (red). Arrowheads indicate CB2 receptors located at the lamellipodia tip. Scale bars, 50 m. Insets, Higher magnification showing CB2 receptors at the leading edges of lamellipodia ( g) and on microspikes ( h). Scale bars, 10 m. which is directed cell migration along a chemical gradient (Wilkinson, 1998) . To determine whether 2-AG triggers chemokinesis, chemotaxis, or a combination of both, we performed a checkerboard experiment in which equal concentrations of 2-AG were added to both the upper and the lower chambers, thereby disrupting the chemical gradient, and followed BV-2 cell migration under these conditions. If 2-AG produces chemokinesis, the response should persist in this disrupted gradient. If 2-AG produces chemotaxis, the response should be absent. We found that the 2-AG-triggered microglial cell migration was reduced by 50% when performing the checkerboard experiments, indicating that 2-AG induces both chemokinesis and chemotaxis (n ϭ 3). Figure 4 , a and b, shows that 2-AG-triggered migration was prevented by (1) pertussis toxin pretreatment, which uncouples G i/o -coupled receptors; (2) N-(1,S)-endo1,3,3-trimethylbicyclo-(2,2,1)heptan-2-yl)-5(4-chloro-3-methyl-phenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide (SR144528), a CB2 receptor antagonist (Rinaldi-Carmona et al., 1998); (3) CBN, a CB2 receptor partial agonist (Felder et al., 1995) ; (4) O-1918, an abn-CBD receptor antagonist (G. Kunos, unpublished observations); and (5) CBD, an abn-CBD receptor partial agonist (Járai et al., 1999) . These results indicate that 2-AG triggers microglial cell migration by acting through G i/o -coupled CB2 and abn-CBD receptors. The 2-AG response did not involve CB1 receptors, because N-(piperidiny-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole -3-carboxamide (SR141716A), a CB1 receptor antagonist (RinaldiCarmona et al., 1994), did not decrease migration significantly (Fig.  4a,b) ; the response also was not mimicked by 100 nM methanandamide (meth-AEA), a CB1/CB2 receptor agonist (Fig. 3b) . Note that 1 M methanandamide significantly increased BV-2 cell migration, likely because of its agonist effect on CB2 receptors (Goutopoulos et al., 2001) .
CB2 receptors activate ERK1/2 (Bouaboula et al., 1996) , a signal transduction pathway known to regulate cell migration (Klemke et al., 1997) . Therefore, we assessed whether the 2-AG response requires this signal transduction pathway. Indeed, 2-AG increased ERK1/2 activity in BV-2 cells (Fig. 4c,d) , and an inhibitor of this pathway, PD98059, abolished the 2-AG-triggered BV-2 cell migration (Fig. 4a,b) .
In the second part of our study, we assessed whether pathological stimuli affect endocannabinoid production, because this could participate in recruiting microglial cells to the lesion site. First, we investigated how the neuronal production of AEA, 2-AG, HEA, and DEA is affected by acute challenge with (1) ionomycin, a calcium ionophore that induces large increases in intracellular calcium, and (2) glutamate plus carbachol, which mimics pathological overstimulation (Stella and Piomelli, 2001 ). To our knowledge, HEA and DEA production by neurons has never been documented. Acute stimulation of neurons with ionomycin for 2.5 min selectively increased HEA and DEA production ( Fig. 5a-d) , whereas it had no effect on AEA and 2-AG production, which is consistent with reports showing that only longer applications of ionomycin (e.g., 20 min) increase AEA and 2-AG production (Di Marzo et al., 1994; Stella et al., 1997) . Glutamate plus carbachol applied for 2.5 min dramatically increased the production of 2-AG, modestly increased the production of AEA and DEA, and did not affect HEA production (Fig. 5a-d) . These results show that the ionomycin-induced increase in intracellular calcium or the pathological stimulation of neurons enhances the production of different endocannabinoids, with 2-AG being the most abundant endocannabinoid produced under pathological conditions.
We then determined whether microglial cells produce endocannabinoids, because (1) this has never been addressed directly, (2) it is known that macrophages produce these ligands in a calcium-dependent manner (Wagner et al., 1997; Schmid et al., 2000) , and (3) endocannabinoid produced by microglial cells could participate in recruiting more distant microglial cells toward dying neurons. Ionomycin increased 2-AG and DEA production from BV-2 cells, whereas AEA and HEA production was unaffected (Fig. 5a-d) . Chelation of extracellular calcium with EGTA prevented this response. We found that under basal conditions mouse microglial cells in culture contained higher amounts of endocannabinoids than neurons in culture (Table 2) . Like BV-2 cells, ionomycin increased the production of 2-AG and DEA from mouse microglial cells without affecting AEA and HEA (Fig. 5e-h) . It is important to note that ATP selectively increased 2-AG production from mouse microglial cells (Fig. 5e-h) . These results show that the production of 2-AG and DEA from microglial cells can be increased, although only 2-AG production is increased by a pathological stimulus.
Finally, we determined whether endocannabinoids produced by microglial cells are released, because a paracrine function for were then quantified by CI-GC/MS. e-h, BV-2 cells were incubated with ionomycin (5 M) for increasing periods of time, and endocannabinoids were quantified. prot, Protein. The arrow indicates that EGTA (5 mM) prevents the ionomycin response. i-l, Mouse microglial cells were incubated with ionomycin (5 M) for 2.5 and 5 min or with ATP (1 mM) for 10 min, and endocannabinoids were quantified. Values are means Ϯ SEM of 6 -32 independent endocannabinoid quantifications, each performed on one 100 mm dish of cells. *p Ͻ 0.05; **p Ͻ 0.01; significantly different from basal amount (see Table 1 ) (ANOVA followed by Dunnett's post hoc test). these lipids has been suggested in neuronal signaling (Bisogno et al., 1997; Giuffrida et al., 1999; Kreitzer and Regehr, 2001; Wilson and Nicoll, 2001) . To do this, we used BV-2 cells that either were kept under basal condition or were stimulated with ionomycin for 5 min and assessed the relative amount of endocannabinoids present in (1) cells plus adjacent media and (2) distant media. We found that 60% of total AEA and 54% of total HEA was released toward distant media under both basal and ionomycinstimulated conditions (n ϭ 10 independent endocannabinoid quantifications, each performed on cells contained in one 100 mm dish). Under basal conditions, 2-AG was undetectable in cells plus adjacent media, as well as in distant media, whereas after ionomycin stimulation, 36% of 2-AG was released toward distant media. It is interesting to note that under basal conditions, 59% of DEA was released toward distant media, whereas after ionomycin stimulation, only 34% of DEA was released toward distant media. These results indicate that a portion of endocannabinoids produced by microglial cells is released from cells toward distant media, reinforcing the notion that these lipids serve a paracrine signaling function. Additionally, our results indicate that the relative amount of endocannabinoid that is released toward distant media varies depending on endocannabinoid subtype and whether cells are acutely stimulated.
Discussion
Many of the signaling molecules in the body (e.g., eicosanoids) are present not as single entities but as large families of structurally related substances. In 1992, when Devane et al. identified AEA as a ligand for CB1 receptors, it seemed reasonable to expect that this lipid was only the first representative of a larger family of endocannabinoids (Devane et al., 1992) . Indeed, ensuing studies identified a second endocannabinoid, 2-AG, that acts as a full agonist on CB1 and CB2 receptors (Mechoulam et al., 1995; Sugiura et al., 1995 Sugiura et al., , 2000 Stella et al., 1997) . In this study, we show that neurons and microglial cells produce four endocannabinoids: the two well known endocannabinoids, AEA and 2-AG, as well as the two new endocannabinoids, HEA and DEA. It is interesting to note that astrocytes in culture also produce these four endocannabinoids (Walter et al., 2002) (L. Walter and N. Stella, unpublished observations) . Thus, the endocannabinoid family contains several structurally related lipids that are produced in the CNS by neurons, microglial cells, and astrocytes. It should be emphasized that microglial cells produce ϳ20-fold higher amounts of endocannabinoids (expressed in picomoles per nanogram of protein) compared with neurons and astrocytes. On the basis of these data, we propose that, during neuroinflammation, activated microglial cells produce the majority of endocannabinoids that accumulate at the lesion site. A recent study identified yet an additional endocannabinoid in the brain (i.e., noladin) that is an analog of 2-AG that acts on CB1 receptors . However, studies that address the cellular source of this lipid, as well as its pathway of biosynthesis, remain to be performed. The presence of a large family of endocannabinoids leaves open many questions. What are the physiological and pathological stimuli that increase endocannabinoid production? Can different stimuli selectively increase the production of different endocannabinoids? Does each endocannabinoid have distinct biological functions? We show that glutamate plus carbachol stimulation dramatically increases 2-AG production from neurons. Under these conditions, AEA and DEA production is increased only slightly, whereas HEA production is unchanged. It is important to note that HEA and DEA production from neurons is increased by acute application of ionomycin, which shows that the production of these two endocannabinoid candidates is indeed calcium dependent. This result reinforces the notion that different pathways of biosynthesis of endocannabinoids exist in neurons, and that their selective production is driven by specific stimuli (Stella et al., 1997; Giuffrida et al., 1999; Stella and Piomelli, 2001 ). The same idea holds true for microglial cells and astrocytes. ATP increases the production of 2-AG from microglial cells without affecting the production of AEA, HEA, or DEA. We have shown recently that, in cultured astrocytes, endothelin, a peptide produced by endothelial cells during stroke, increases 2-AG production fivefold and AEA production twofold, whereas it does not affect HEA and DEA production (Walter et al., 2002 ) (Walter and Stella, unpublished observations) . In summary, 2-AG production is dramatically increased by three pathological stimuli that affect neurons, microglial cells, or astrocytes, a finding that corroborates the observed increase in this particular endocannabinoid during neuroinflammation induced in vivo (Baker et al., 2001; Panikashvili et al., 2001 ).
We present evidence that 2-AG recruits microglial cells by engaging CB2 and abn-CBD receptors. To our knowledge, this is the first study to report that 2-AG is a full agonist at abn-CBD receptors. We ruled out the involvement of CB1 receptors in the 2-AG-triggered microglial cell migration because this response was not antagonized by 30 nM SR141716A, a concentration that antagonizes CB1 receptors (IC 50 ϭ 5 nM) without affecting abn-CBD receptors (IC 50 ϭ 600 nM) (Jung et al., 1997; Bukoski et al., 2002) . Additionally, we show that THC and abnormalcannabidiol induce a synergistic increase in microglial cell migration. Although the molecular basis of this synergistic response remains unknown, our results show that engagement of both CB2 and abn-CBD receptors is required to trigger microglial cell migration.
Although both CB1 and CB2 receptors are expressed in activated microglial cells, their cellular location is quite different. This suggests that the functionality of either receptor might be regulated by translocation to the plasma membrane. Changes in the cellular location of cannabinoid receptors that are associated with a change in their functionality have been described with CB2 receptors in transfected cells (Bouaboula et al., 1999) . The dynamics of cannabinoid receptor movement between cellular compartments during microglial cell activation, for example, during migration, is a key question. Indeed, studies performed with different G-protein-coupled receptors, namely the complement C5a receptors, propose that these types of receptors accumulate at the leading edges of lamellipodia as a result of plasma membrane accumulation (Servant et al., 1999) . Using a CB2 receptor antibody, we show that CB2 receptors are abundant at the leading edges of activated microglial cells, as well as at the microspikes of BV-2 cells. Whether accumulation of CB2 receptors at the leading edges of these protrusions is caused by accumulation of membranes or by a true increase in receptor density is unknown.
Because we found that 2-AG triggers microglial cell migration with high potency and efficacy, we hypothesize that this particular endocannabinoid participates in recruiting microglial cells toward neuroinflammatory lesion sites. The following model can be put forward. First, pathological overstimulation of neurons, which eventually results in their death, increases 2-AG production and recruits surrounding microglial cells. Once these microglial cells arrive at the lesion site, ATP, which is released by dying neurons, acts on the headmost microglial cells, further increasing local 2-AG and further recruiting microglial cells. Such a model is reminiscent of many feed-forward mechanisms that lead to local recruitment of immune cells and amplification of inflammation. We also show that CBN and CBD, two nonpsychotropic bioactive compounds of marijuana (Perez-Reyes et al., 1973) , may antagonize the 2-AG-induced recruitment of microglial cells. This is in agreement with the fact that nabilone, a synthetic analog of THC, produces minimal palliative effects against multiple sclerosis symptoms, whereas smoking cannabis is reported to be beneficial (Martyn et al., 1995; Consroe et al., 1997) . Therefore, our results suggest that bioactive cannabinoids present in the marijuana plant, such as CBN and CBD, are likely to underlie the increased efficacy of cannabis versus nabilone and therefore hold promise as nonpsychotropic therapeutics to treat neuroinflammation.
